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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONFIDENWTIAL REPORT

SCALE AND TURBULENCE EFFICTS ON THE LIFT

AND DHAG CHARACTERISTICS OF TH:
NACA 655-u18, a = 1,0 AIRFOIL 3ECTION

By John H. Quinn, Jr, and Warren £, Tucker
SUMMARY

An investigaticn in two NACA wind tunnels has deter=-
mined the effect of Reynolds number and stream turbulence
on the 1ift und drag characteristlcs of a low=-drag alr-
foll, the NACA 653- 13, . a = 1,0 section, particularly

at low Reynolds numbera, to give an indicatiocn of the
performance of low-drag wings in low-scale tests. The
results sre correlated with similer data for the same
airfoll sectlon In tha NACA two~dimensional low=-turbulence
nreasure tunrel to provide daga over a range of Reynclds
number from 0,19 to 9.0 x 109,

Large increases in minimum drag coefficlent were
found as the Reynolds number decreased. This effect was

particularly marked at Reynolds numbers below 1,5 X 106.

At Reynolds numbers below 1,5 X 106, stream turbulence had
little effect on the drag characterlstics of the
NACA 652-=418 airfoil section when compared on the baslas

of test'heynolda number but, at higher Reynolds numbers,
stream turbulence h&d a detrimental effect on drag.

Large decreases In maximum 1ift czoofficlent were
found with decreasing Reynolds numberg ricat of thls
decrease was encountered at Reymolds numbers above

2.0 x 10¥, Marked differences in maximum 1lift were
anparent between the results obtained at hlgh und low
turbulence. Vhen compared on the basis of effective
Reynolds number, however, falr agreement was reached
between the data obtained under both turbulence condi-
tions,.
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Considerable verlrilon of Ui {t-crve slope with
Reynolds number wus fouwnd., %esults al low and high
turbulence differcd as much as 6 percent but yielded
the sare value of 1{ft-cupve slope st a Reynolds numbsr
of eorroximately L.0 x 10°. At Reynolds muhers higher
tran L.0 % 16%, no scale efiect on the lift-curve slonu
wos observed over the rong2 tested.

Tn viaw of the large vavializns 1ln the 1ift and
drzg sherssterleties found for the NASA 65;-118 atrfoll
section ovey £ range sl Feynnlds number from 0.19
to 9.0 » 107, it is thought that thc use of low Rnynolds
number test deta relating to low-drag airfoils ls
unreliable elther to eutlmate full-scal: characteristiss
or to determine the reistive merits of alrfoil sections
at hlgher Roynolds nunbers.

INTRODUCTION

Tnvestlzations of scale effect on the 1lift and drag
characiteristics of low-drag airfoil sectlons have regu-
larly heen made sl Reynnlds nuwrbers ebove 3.0 ¥ 10°
and at lew siream turbulenrnce 1n the NATA twon-dimenrional
low-turbtlence preczzure tunnal {designated TDT). It 1s
well mown that sther 1nvestipetions of low-drsg-airfoil
sharaztrristics ave corrtzd ont in tunaels with higher
turoulence levels st lower %= nolds numbers then the
Investigzaticas In the TDT. Prorer internratation of
these 2ata aotalned at low BrynrlAs nunbers and ab
varioud degracs of stream turbvlence is A1fficult hecauss
of Llre nnkmnowy stvesm turbulones cffect ond scola etfect
at low Mernolds nmumbers on the charucterietins of low-drag
airfclila, Fxtrowolotion of ther: data o Risher Reymolds
nmuah: re and low turbuvlonce (fligint ecndifions) is
unrelianle Poar this reaeon.

The rurpose of ths rresant investigation was to
determine the effect of Teynoldes awmber and giream
turbulences on the 1ift and drag snaracteristicr of a
low-Grag alrrall s~ction throwh a runtge of Weynolds
number below 5.C x 10%, lodels of the RaCA 555—)418,&:1.0

airfoil rectisn having sherds =f & nnd 2. inches ware
tested in the HAZA tvo-lirensional low-turbulence tunnel
(designated LIT), which has a strzan turbulence of only a
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extending through the tunrel walls. This installation
1= thought to approximate closoly two-dimenalonal {low
and therefore to make it possible to obtain section
crapacteristics,

In the 7 by 10 tunnel, 1ift characteristics were
cbtailned from force messurements on ths turnel balance
system, Drag craracteristics wers obtalned by the wake-
survey method. L1ft coafficlents have been corrected
for effects of trnnel-wall interfererce by using the
experimsntal corrsction explained in reference 2. The
drag coefficlents were correctad for tuanel-wall inter-
farence by using the same conalderatlions from which the
corrections were obtained for the TDT and LTT data.

RESULTS AND DISCUSSION

A comparison of 1lift date obtained in the LTT and
TDT at & Reynolds number R of 2.77 x 106 1s presented
in figure 1. The LTT date ware obtalned at atmosphorie
presasure and a Mach number of 0,194, whoreas the TDT data

2
wore obtained at a tunnel pressure of 13 atmospheres and

a1 Yach number of 0,150. Ths curves are In good agreement
both in respect to slope and maximurn 1ift coefficicnt; 1t
1s therefore improbable that any HMach number effect on
maximun 1i1ft coefficlent, which might have been expected
from the results nresented in reference 3, exists in the
LTT data at this Reynolds number,

Lift data from the LTT and TNT are presented in
flgures 2 to ); and from the 7 by 10 tunnel, in figure 5.
Tt may be noted in figure L that tests of the 6-inch-chord
and 2)j=inch-chord models in the LTIT at Reynolds numbers

of 8.66 and 0.68 x 106, respectively, are in good agree=-
ment.

At values of the 1lift coefficient ubove 0.9, a jJog
in the 11ft curve (figs. 2 to l}) s encountered. This
Jog 13 due to a reglon of laminar separation on the upper
surface Just downatream of the leading edge. The jog
hecomes more marked as the Re'molds number decreases and,
at the lowest Reynolds number, the jJoz in effect determines
maximum 1ift. It may be seecn In figure § that no jog in the
11ft curve 1s found in the results from the 7 by 10 tunnel,

CONFTIDENTIAL




NACA ACR Me. TLHIL1 CONFIDENTIAL

The abacnce of the jog in these curves indicates thet,
at the rolnt or the airfril where luminar separsation
osznurs in the LTT, the t'low 1s already turbulent in ths
T by 10 turn21 bsoause of the high turbulenc: lev:l.

A detalled Ilnvestijation of this separation e¢ffect is
reportad ir refersnce |,

Teay datu are presevnted in figurea ( sad 7. It may
be neted in figure £ that the extent of the low-drur range
In~x¢ases rrogressively us the Teynolds numwber 13 docroaszed,
The hlzh values of the drag coeffizlents at low Reyrolds
nurheérs cpp2ar to he connecterd with & reglon of laminag
gruaration Juzt downstresm of the relnt of mlinimum nrea-
surc. Tlttle s known of the laws governing the extent
and quantitative affect of tnis losal pragion of ssgnratad
flow exzsrt thet both the extent of the region and the
drag lnereess &«s the Revnolls number 1s decriased.

It w2y be roted in fizure 7 tnot, for the higher
ta2st Fe'melds pumders, minimam dras occurs In the 7 by
10 tinnel st a 1ift ceefficlenl of wbout 0.55 Instesd
of at the desizn 1lift soefflclent of 0... Brcruse ni thn
d1fficulty »f reasuving drag by the weke-zurvey method
in the 7 by 10 tunncl, dreg -Aatu were nbtalned for only
8 limitad range of 11ft coefficlent.

Zurves thet show the scale effect on mexirum iift
enefflalent am presented in figure £, The tert results
from tha 7 by 10 turinel are nlotted agalnst bnth test and
effect! ve Peynnldia nurmorr. [(iZffestive Seynolds number =
Test Tzvmelis number ¥ Turbulence factor.) The LTT
and TLT resulits are plotted against the test Reynolds
naber  whish, cef grurse, would be enual to the effeactive
Reyniclds number since the strear turbulonce ls only s
few hundrcdths of 1 perzent. Lerge decreuases in maximum
11t edefTi21,nt are apparent with decreasingz Reynnlds
rnambur, pertloularly abave an affsctive RWeynoldes namher
of 2.0 % 209, ilzure 5 inclsates thet, helow a leynnicsa
nurber of 10°, the date Tror the 7 hy 10 tunnel cre in
fai~ gzrecemint vith the dnrte Cfrom the TDT end LTT when
Llotted agnignt te3t FReynolda number. 4bove 8 Feynolds
nurber ol 109, the data from the 7 Ly 10 tunnel sre in
gool airrewent witn the data from the TDD and LIT wher
tlotted againzt effective Reynolds nunmbar. It 1s seen
that tha rate of increase In muxi-um 1ift coefficiont is,
spontest et a Beynonlua number of approximately 2.0 x 10°
For nther low-dreg airfolis, neither the value of the
Reynolda number af whlea Lhis rapid irncruase Lakes nlaca
nor fts quantitative effect 1s Vrown, TU is therefore
thought that extrapnlation ol lnw-scale data or data which
do nat determine tonis characteristisz shoald b avolded,
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Various curves of drag coefflcient agalnst Reynolds
number are presented in figure 9. The results cbtalned
for the MLCA 655-u18 section in the LTT and TDT show tiiau

Tor this airfoll the drag does not follow the lew for the
ariatlon of alther laminar or turbulent skin friction
cvw:r a Ilat plate. Ninimum drag coefflclent increuascs
progresslvely as Reynolds number decreasss; thils effect
18 particularly marked at Reynolds numbsrs bslow

1.5 x 106.

At fieynolds numbers below 1.5 x 106. LTT and TDT
results are in falr ugreement with results from the
7 by 10 tunnz21 when comnured on the basis cof test

Reynolds number. At a Reynolds number of about 1.5 x 10@
at which local separation effects are decreasing and
reasonably low drag is found on the NilA 653-418 section

in the LTT and ™7, the results frem the 7 by 10 tunnel
as nlotted &salnast test ileynolds number are aturting to
divergs from the L™T and TI'T resulta, Ao the leynolds
number increoases, the high turbulence level of the

7 by 10 tunnel moves the transition polnt toward the
leading edge and Incresses the drag over the valuss
obtained in streams of low turbulence.

A curve of drag cosfflclent at the design 1ift coef-
flcient for the HACA 0012 alrfcil section s pressnted in
flrure 9 for comparison. Thls curve renresents the
average of several test results in the LIT. It may be

noted that, at kKeynolds numbers below 1,5 x 106, the low-
dreg section no longer shows a lowsr drag than the con-
venticnal section.

Scale effect on lift-curve slope and on the angle
of zero lift !s shown in fiaure 10, TDate obtalned in the

LTT at Reynolds numbers of 0.96 and 1.57 x 106 ars not
presentzd since sufficlent data were not taken to define
the slopne sccurately., Although the scale effect on the
engle of zero 1lift 1s small, considera®le varliation of
lift=curve slope with Revnolds numher is found. In the

2molds number range from 0,20 to 3,0 x 106, there 1s

at f'irst a dlvergence and then a conver-ence of the data
obtalned under the two turbulence conditicns; the muximum
difference batween the two curves is anproximately 6 per-

. [
cent at Reynolds numbersof aprroximatsly 10°%. At Reynolds

CONFIDENTI AL
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nurbers above 1.0 x 106, the slopes appear to be the seme
undar the <1fferent turbulence condltlons, and thers
sesma to be no further scule effect for the range tested.

4t & Reynulds number of anuroxiumately 106, it may be
cbasrved that the varlatlion of lift-curvs clops with
Reynolds number becomes snall under the hlgh-turbuleance
cendition, It seems reasonable to expect, however, th:ot
LFa Neynolds numher above which the changes in lilt-
curve slone becorme unimportant depsnds consideratly on
3 parbticular sirfoll section und turbulsnce churacters
lstles of tle air stream. The deta pressnted In flg-
ure 10 further emphaslze the unrellebllity of using data
at low Reynolds nunbers to predlet fnll-3cule cheracter-
istics,

GONCLUDING REMARXS

Lerge Incresses In minimum drag coeffliclent wers
foun:: as the Roynolds number decreased; thls effect was
particularl; mur! ut Reynolds rnurbers Lelew 1.5 x 106.
At Reynolds nunibers telow 1.9 x 105, streum turbulance
had 11ttle effert on the drag chsracterlstlcs of the
MATA 65z=41C, a = 1.0 sirfoll section when compared cn
tha busgls of test Reymolds number but, at higher Reynclds
numbors, streuam turbulence had ua detrimental effect on
arag.

Large decreases In maxlnua 11ft coefficlent were
found with decreasing Ravinlds number; musl of thils
cecrouse wus ancountered at Reaynolds numbers ahove

2.0 ®x 109, Marled Jiffsrences ilr maximun 1ift were
epparent betwnaen the results obtalned at high and low
turbulence, When comparzd on the basls of effective
Reynolds nurber, however, falr ugrocment was reachad
between the Jata obtuined unier both turbulence condl-
tiona.

Conairlerable variatlion of lift-curve slope with
Reynolds nunrber was found. Results at low snd hiigh
turbulence differed by as ruch us 5 rercent but yielded
the same wvaluo of lift-curve slope at a Remolds number
of approxlmately 4.0 x 106, at Reynclds numbars higher
than L.C » 109, no scale effect on the lift-curve slops
was observed cver the range tosted,

CONFIDERTILL
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In vizw of the larwe variation in the 11{t and drag
characteristies formd for the NASA 65,-1.18 alrfall
duetion 2ver a range of Pagnolds nnmber from C.19 1o
2.0 ¥ 167, 1t 12 felt that the use of low R: ynolds number
test dite poleting to iowedrag sl=inrils 18 mrcliehble
eltier to eatlmata full-scale characterictlizs or to
datermine the relative aerlts of airfoll seztions at
hirsker Reynolds nanbees,

Langley Femortal Aeronnavtisal Iaboretory
National Advicory Committes for Acronsutics
Langley Tield, Va.
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Tunnel

LTT
TOT

Tunnel preasure

{atm)

2

5

Section 1ift coefficient,

NATIONAL ADVISORY
COMMTTEE FOR ADRONAUTICS.

-16

-8 0 8 16
Section angle of attack, a,, deg

%

Figure 1 .- Lift characteristica of 2-inch-chord model of NACA 655-h18,

& = 1,0 airfoll section in NACA two-dimensional low-turbulence tunnel
(deeignated LTT) and NACA two~-dimensional low-turbulence pressure

tunnel (designated TUP). R = 2.77 x 106,
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Section 11ft coefficient, ¢

NATIONAL ADvISORY
ZOMUTTEE FoR ALRONAUTICS.

-8 o4 [ 1 8 12 16 20
Section angle aof attack, ag, deg
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{a) Xodel having é-inen chord in LIT
Plgure 2 .- Lift characteriatice of the KACA 655-1418 airfolil asction.
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1.8

Section 1ift ccefficlent,
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COMMITTEE FOR ALRONAUTXCS:

l
o L 8 12 16

Sectior angle of attack, ua,, der

Pigure 2. é:;tt:::é-hnving Z2u=-1inch chord in LTT. CCNFIDFNTIAL
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Pigure 3 .« Lift charscteriatics of the NACA 653418 airfo1l
section; 6-inchechord model in TDY.
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Plgure & .- LATt rosracieriatles of the MACA E54-418 sirfell rection trrough the entire
range of Reynolds numbers.




NACA ACR NO. L4H11 CONFIDENTIAL

] Model
0.19 x 106

12-inch chord

v0240D0+

L8-inoh chora

Sectlon 11ft ecefficlent, o,

-8 & ) L 5 12

Sectlion angla of attack, a,, deg

CONFIDENTIAL °

Plgurs §.- Lift shuracteristics of the NACA 653-L18 airfoll sactian
In the LMAL 7= by 10-foot tunnel (designated 7 by 10 tumel).
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Figure .- Drag characteristica of the NACA 653-h18 airfoil section in
the LTT snd TDT.
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Quinn, John E. DIVISION: Aerodynamics (2} 7 g

Tuckar, W. A. SECTION: Wings and Airfoils (6§
CROSS REFERENCES: Wings - Aerddynamios {99150); Flow, ACR-LLH1]

Air - Turbulent (39450); Lift - Reynolds ;Numbaes
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Scala and turbulence affeots on tha 1ift and drag characteristic of tha NACA

‘655 418, a aqusls 1.0 airfoil saction OV :“
ORIGINATING AGENCY: National Advisory Committee for Asronautics, Washington, D. C.
TRANSIATION:
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Wind-tunnel tests, investigatigating ﬁ?drng wing performance in small-scale tests,
showed a large incresse in minimum drag ooafficient, and a dacreasa of maximum 1ift
coaffioient oocurred with decreasing Reynolds Number above certain designatad values.

The lift-ourve slope variad up to &K between high and low turbulance lavals. Low Reynolds
Number teat data are unreliable for low drag airfoils aithar to estimata full-scala
ﬂnr-cterhticl or to determine merita of airfoils for higher Reynolds Nu&or.

NOTE: Requests for copime of this report must be addressed to; K.A.C.A.,
Washington, De C.
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(AFVEL TIE:  gcple and turbulence o_ffeétn on the 1lift and drag characteriastic of the HACA
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Vind-tunnel teeta, investigatigating fow drag wing porrormncs in emall-scale tests,
showed a lerge increaee in minimum drag coefficient, and a decrsase of maximum 1ift
coeffioient occurred with decreseing Reynolds Humber above certain desjgnated walues.

The lift-curve slope varied up to &% between high and low turbulence levels. Low Reynold
Funber test data are unreliable for low drag airfoils either to estimate full-scsle
c‘h:r.cteristica or to detsrmine merits of oirfoils for higher Reymolds N\mbor. ‘
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